Cymbalaria is a Mediterranean genus including ten species and six subspecies growing on 14 rocky habitats. A very fragmented distribution, the different ecologic preferences of partially 15 sympatric species and the presence of different ploidy levels, suggest the role of allopatric, 16 sympatric ecological and polyploid speciation in its evolution. The aims of this study are to verify 17 the monophyly and to reconstruct the phylogenetic relationships of Cymbalaria, to infer its 18 biogeographic history by estimating the lineage divergence dates and the ancestral areas of 19 distribution, and to discuss the role of different types of speciation. To address these issues, we 20 constructed a complete phylogeny of the genus with ITS, 3'ETS, ndhF and rpl32-trnL sequences. A 21 time-calibrated phylogeny and an ancestral-area estimation were obtained from the nrDNA data. 22
INTRODUCTION 37
The Mediterranean Basin contains ca. 25,000 species and almost 10% of the world's vascular 38 flora, of which 63% are endemics (Greuter, 1991) . Three primary types of speciation might have 39 originated this high diversity (Thompson, 2005) . First, allopatric speciation is favoured in a 40 fragmented landscape with a history of temporary land connections and isolations among the 41 mainland and the numerous islands. Allopatric speciation is coupled with the effects of two major 42 climatic events: the establishment of a Mediterranean climate approximately 3.2 Ma, which marked 43 an increase in the rates of diversification for many plant lineages (Fiz-Palacios & Valcárcel, 2013), 44 and the Pleistocene glaciations, which altered the distributions of species and favoured gene flow 45 among populations in some cases, whereas in other cases populations became isolated in climatic 46 refuges (Vargas, 2003; Médail & Diadema, 2009 ). Second, sympatric ecological speciation has also been documented (Santos-Gally & al., 2011) and is favoured by the wide heterogeneity of habitats 48 we included three individuals representing three genetic lineages: Cymbalaria aequitriloba 1 150 represented the Corsican lineage; C. aequitriloba 3, the Balearic lineage; and C. aequitriloba 5, the 151 Sardinian lineage. Due to the absence of fossils in the tribe, we performed the analysis with a 152 secondary calibration point obtained from Vargas & al. (2013) . This approach has been criticized 153 but is accepted in the absence of fossils for a direct calibration (Forest, 2009 ). The use of the 154 nrDNA gene tree for the divergence time estimation analyses could also cause phylogenetic 155 artefacts derived from the concerted evolution of ribosomal genes (Soltis & al., 1998; Álvarez & 156 Wendel, 2003) . Using a fully resolved, multi-locus phylogeny would be desirable (Maddison & 157 Knowles, 2006) , but molecular dating based on nrDNA has been successfully used in cases of low 158 resolution and high level of polymorphism of cpDNA markers and incongruence with nrDNA 159 markers (e.g., Gao & al., 2015; Nie & al., 2015) . A birth-death model was employed as a tree prior (Gernhard, 2008) . We used an uncorrelated 164 relaxed clock lognormal model of the lineage-specific rate variation (Drummond & al., 2006) , and an alternative version for each of the models that includes founder-event 192 speciation (+J). BioGeoBEARS has two primary advantages compared with other biogeographical 193 programs: 1) the best model is selected with likelihood ratio tests, and 2) founder-event speciation is 194 included, a process ignored by most other methods. 195
The maximum number of areas for each node was set to 3, which is the maximum number of 196 areas occupied by extant taxa (Ronquist, 1996; Hilpold & al., 2014) . Each terminal in the tree was 197 coded with the total distribution area of the taxon/lineage, except for C. muralis, that was only 198 coded for its natural distribution area. We defined a dispersal probability matrix to determine the effect of geographic distance on dispersal ability. The rate of dispersal between western ( Fig The analyses of the cpDNA with MP and BI resulted in a congruent topology with each other 216 ( Fig. 3 , Electr. Suppl.: Table S1 ). Cymbalaria was monophyletic (PP = 1; BS = 77%) and grouped 217 with A. procumbens (PP = 1; BS = 76%) and these two genera with E. wislizeni (PP = 1; BS = 218 95%). The phylogenetic position of Chaenorhinum crassifolium (Cav.) Lange was incongruent with 219 the nrDNA analyses, but congruent with previous cpDNA phylogenies ( Ghebrehiwet & al. 2000 ; 220 Vargas & al., 2013 ). Resolution at the species level was lower compared to the nrDNA analyses and 221 a few incongruences were detected. In the cpDNA analysis C. microcalyx subsp. ebelii (Cufod.) 222 ( Fig. 2 , PP = 0.98; BS = 75%). Slightly incongruent phylogenetic relationships were obtained in the 225 western lineage too. For the taxa with two or more specimens sampled, only C. glutinosa subsp. 226 glutinosa, C. pallida and C. pubescens were monophyletic in both the cp and nrDNA data sets ( Fig.  227 3, Electr. Suppl.: Fig. S1 ). Edraianthus graminifolius: Surina & al., 2014) . However, according to the cpDNA phylogeny ( Fig.  297 3), C. microcalyx subsp. ebelii would be closely related to central Mediterranean taxa, but not to C.
Mediterranean clade was not supported statistically at its basal node (Fig. 2, node 15 ), and the 300 ancestral area estimation was ambiguous recovering the highest probabilities for ancestors 301 distributed across two to three eastern Mediterranean areas. The Aegean Islands were reconnected 302 many times to the mainland during the Pleistocene climatic oscillations, which led to range 303 expansions and subsequent allopatric speciation events when the sea level increased (Polunin, 304 1980 ). Founder-event speciation was inferred for the split between C. microcalyx subsp. dodekanesi 305 Greuter and subsp. acutiloba (Boiss. & Heldr.) Greuter (Fig. 2, node 17 Aegean region with apparent adaptations to marine dispersal (Sutton, 1988) , which would lead to a 309 continuous gene flow. 310
A Corso-Sardinian origin for the west lineage during the Pleistocene was supported (Fig. 2, node  311 3). Founder-event speciation was reconstructed for C. fragilis (J.J. Rodr.) A. Chev. after a long-312 distance dispersal (LDD) event from Corsica-Sardinia (Fig. 2, node 7) . At least one more LDD 313 event was inferred for the range expansion of C. aequitriloba to the Balearic Islands (Fig. 2, The success in colonization of new areas is often linked more to pre-adaptations of genotypes and 321 availability of suitable habitats than to distance (Alsos & al., 2007). Polyploidy may have been a 322 key trait in the colonization processes because it potentially provided an increased ability to tolerate competition in rocky habitats and low diversity on islands, more niches would be available, with the 325 likely consequence of higher success in colonization (Thompson, 2005) . 326
Speciation. -The three primary types of speciation likely occurred throughout the evolution of 327
Cymbalaria. Based on our results combined with published chromosome counts, the hypotheses of 328 allopatric speciation, sympatric speciation and polyploid speciation are supported. 329
Allopatric speciation is inferred when sister taxa occupy different areas isolated by physical 330 barriers. The two main types of allopatric speciation are vicariance and founder-event speciation, 331 which results from founder events. In historical biogeography, vicariance has long been recognized 332 as a key process in diversification (Ronquist, 1997) , and implies that a widely distributed ancestor 333 gives rise to two or more separate species within its original distribution area when the appearance 334 of a physical barrier provokes their reproductive isolation. However, in Cymbalaria, vicariance was 335 not inferred for any statistically supported node. By contrast, founder-event speciation is a process 336 largely ignored in historical biogeographical models but is currently recognized as an essential 337 process (Gillespie & al., 2012; Matzke, 2013). It involves a rapid divergence of a small, peripheral 338 population of a species, and is inferred when the area of one of the descendants is not part of the 339 ancestor's distribution area. Indeed, the selection of the DEC+J model indicated that founder-event 340 speciation (parameter J) was important for the model to fit our data. Our results supported founder-341 event speciation in three cases: the origin of C. pubescens (Fig. 2, node 14) , the split between C. 342 microcalyx subsp. acutiloba and C. microcalyx subsp. dodekanesii (Fig. 2, node 17) , and the origin 343 of C. fragilis (Fig. 2, node 7 ). This last case shows the typical structure of a founder-effect 344 speciation event, where the newly and rapidly generated species (C. fragilis) is embedded in a more 345 widely distributed and genetically variable, paraphyletic species (Futuyma, 2005) , in this case C. 346 aequitriloba (Fig. 2) . For C. fragilis, LDD was inferred (see above), but in the other two cases, the 347 low sea levels during the Pleistocene glaciation periods may have favoured a stepping stone (C.aequitriloba 1 and C. hepaticifolia 1) and the rest of the taxa within the west lineage (Fig. 2,  356 node 3) might have been a case of geographical isolation of this island from Sardinia. Moreover, 357 geographical isolation can also occur at a local scale, particularly for plants that grow in rock 358 crevices such as Cymbalaria. These habitats can be scarce and isolated from one another, favouring 359 small-scale allopatric speciation processes (Thompson, 2005) . However, in groups of taxa where 360 gene flow is possible due to long distance dispersal, the recognition of putative geographic barriers 361 is a difficult task. An additional impediment is that distribution areas can change over time, and 362 current sympatric species could have originated allopatrically and later expanded their areas to 363 become sympatric. Apart from these limitations, to infer sympatric ecological speciation, it would 364 be desirable to demonstrate that adaptation to the different ecological niches exists and it is actually 365 the cause of reproductive isolation, assuming that ecological niches have not changed significantly 366 from the speciation moment until the present (Carine & Schaefer, 2009). Very local scale 367 environmental measures would be required to properly describe ecological niche in the case of 368
Cymbalaria, since the habitats where they occur (Table 1) have usually very different microclimatic 369 conditions than the general climatic available data, which make methods such as species 370 distribution modelling fail (Guisan & Thuiller, 2005; Austin, 2007) . In our group of study, 371 sympatric ecological speciation could explain the differentiation of C. muralis and C. pallida, as 372 inferred by the DEC+J model (Fig. 2, node 12) . These two species occur in the same region Casals, personal observations) and occupy different niches (Table 1) . However, their distributions at 375 local scale are almost allopatric, given that C. muralis mostly occupies the lowlands while C. 376 pallida grows in higher elevations. Thus, allopatric speciation could not completely be ruled out. 377
The important role of polyploid speciation in the diversification of Cymbalaria was already 378 suggested by others (Verlaque & al., 1993; Thompson, 2005) . Biogeographic analyses never 379 integrate polyploid speciation; however, we consider that genome duplication event occurred when 380 a supported clade composed by specimens of the same ploidy level is found (as assumed by e.g. 381 Wood et al., 2009 , Marcussen et al., 2015 , and therefore that the clade originated from a polyploid 382 speciation event. Polyploid species placed in different supported clades would have had been 383 originated by independent polyploidization events. Accordingly, two polyploid speciation events are 384 hypothesized: one for the origin of the west lineage (Fig. 2, node 3 ) and the other for the origin of 385 the -C. microcalyx subsp. ebelii-C. pubescens clade (Fig. 2, node 14) . The monophyly of the west 386 lineage species apparently refutes the hypothesis of independent polyploid origins for C. 387
hepaticifolia Wettst. and C. aequitriloba from the diploids C. pallida and C. muralis of the Italian 388 Peninsula, respectively, as suggested by Verlaque & al. (1993) . However, the polyploid clades could 389 be the result of interlocus concerted evolution of the nrDNA (ITS and ETS), which may hide the 390 genetic information of one of the parental lineages in the case of allopolyploids (Wendel & al., 391 1995) . This hypothesis has to be specially considered for the clade C. microcalyx subsp. ebelii -C. 392 pubescens, given that these two species appear in separate clades in the cpDNA analysis (Fig. 3) . 393
Additional studies are required to confirm the common origin of the species in each of the two 394 polyploidy clades and to distinguish between the auto-and allopolyploidization events and the 395 parental taxa involved. The support to LDD events found here for the western clade (see subsection: 396
The establishment of the Mediterranean climate and the diversification of lineages) is consistent 397 with the observed pattern of higher probability of LDD events in polyploid groups (Linder & to their difficulty in succeeding in areas in which the parental species occur (Thompson, 2005; 400 Ramsey, 2011). 401 Cymbalaria. The supported monophyly of the genus found for both the cp and nrDNA analyses 413 support its current taxonomy status. However, our study revealed some conflicts between current 414 taxonomy and phylogeny at the species and subspecies level, being C. microcalyx the most 415 shocking case, with some of its subspecies showing very distant phylogenetic positions from each 416 other (Figs. 2, 3) . When more than one specimen per taxon was used, only C. glutinosa subsp. 417 glutinosa, C. pallida and C. pubescens were monophyletic for both the cp and nrDNA (Fig. 3,  418 Electr. Suppl.: Fig. S1 ). Detailed studies combining molecular and morphological data are needed to 419 definitely unravel the taxonomy of Cymbalaria. 
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